ABSTRACT. Hemopoietic stem cells adhere to hemopoietic supportive (MS-5) cells, but not to non-supportive (MS-K) cells. Although a soluble stem cell factor (SCF) was produced by both of these cell lines, little activity was detectable in the supernatant from the cultures of either of these cells, indicating that SCFmight be compartmentalized within the extracellular matrix (ECM), and transferred directly to the stem cells via the ECM (44) .
To probe this possibility, we studied the transfer of SCF from the ECMand the subsequent support of the survival of the hemopoietic stem cells. A stem cell-enriched bone marrow cell fraction was overlaid on SCF-containing ECM.The stem cells survived and proliferated for some days without differentiation under these conditions, whereas stem cells overlaid on ECMwithout SCF died within a few days. Addition of interleukin-3 (IL-3) to the ECMthat contains SCF, induced differentiation of the stem cells. Granulocyte-macrophage colony-stimulating factor (GM-CSF) induced further differentiation of the stem cells, which was accompanied by a decrease in the number of colony-forming unit in spleen (CFU-S). These observations verified the above hypothesis, and indicated that the survival, the self-renewal, and the differentiation of hemopoietic stem cells can be separately controlled at least in vitro.
The importance of bone marrow stroma in the regulation of hemopoiesis is well known. The stromal cells support the proliferation and differentiation of hemopoietic stem cells by direct intercellular interactions (7, 28) , as well as by the cytokines they produce (24, 44, 48) .
Proliferation and differentiation of stem cells appear to depend on the contact of the stem cells with hemopoietic supportive stromal cells. Stem cells 'trapped' underneath the stromal cells in bone marrowcell culture are protected from the effect of the exogenous stimulus of growth factor (23). Thus, one of the major functions of the hemopoietic supportive stromal cells resides in the propensity of stem cells to adhere to them (6, 28, 44) . SCF (1) produced by the stromal cells appears to be concentrated within the ECMof the stromal cells, as reported by Gordon et al. for colony-stimulating factor Abbreviations: SCF, stem cell factor; IL-3, interleukin-3; GM-CSF, granulocyte-macrophage colony-stimulating factor; ECM, extracellular matrix; EHS-CEX, Englebreth-Holm-Swarm cell-extract; i.v. , intravenous injection; HPM,hemopoietic 'permissive' microenvironment; HSM, hemopoietic 'supportive' and 'selective' micro-environment. f To whomcorrespondence should be addressed.
(CSF) (ll), and is transferred directly to the stem cells, since both the supportive (MS-5) (2, 17, 44) and nonsupportive (MS-K) (41) stromal cells produce SCF of the soluble type, and yet the latter cells, to which the stem cells do not adhere, cannot support the proliferation and differentiation of the stem cells (44) . The control mechanism of the self-renewal and differentiation of hemopoietic stem cells has been the subject of debate. Aim of the present study was, firstly, to provide evidence to back the hypothesis that SCF, concentrated within ECMof the stromal cells, is transferred to hemopoietic stem cells that adhere to the stromal cells and supports the survival and proliferation of the stem cells. and a high concentration of GM-CSF (22) are known to stimulate the proliferation and differentiation of stem cells. Accordingly, the effects of ECMcontaining IL-3 on stem cell behavior was also studied, although the stromal cells did not produce any IL-3 activity.
In the second part of the present study, we investigated the effects of SCF, IL-3, and GM-CSFconcentrated within ECMlayer on the kinetics of hemopoietic stem cells, to clarify whether or not the survival, the self-renewal, and the commitment to differentiation of the stem cells can be controlled independently.
Wefound that SCF-containing ECMsupported the survival and stimulated the proliferation of stem cells.
Wealso found that the survival, the self-renewal and the differentiation of hemopoietic stem cells could be controlled separately when these growth factors were transferred directly to stem cells via cell contact in a protein-free culture system. Addition of horse serum to this system changed the response completely, and showed that the use of serum, which certainly contain a number of growth factors, modifies the response of hemopoietic stem cells to growth factors, resulting in an apparently stochastic response.
MATERIALS AND METHODS
Mice. Male mice of C3H/HeN strain were purchased from Sankyo Laboratory (Japan), and kept under specific pathogen-free conditions. They were used at the ages of 10-14 were mixed in ECMlayers (EHS-CEX, 8.6 mg/2 ml/dish; collagen I+IV, 4.8 mg/2 ml/dish) and 3 ml of each protein-free alpha-MEMwere added, and incubated for 24 hr at 4°C. After the incubation, the mediumwas collected and each activity was assayed. SCF activity was assayed by mast cell colony assay (4, 38), GM-CSFactivity was assayed by CFU-GMassay (4) and IL-3 activity was assayed by DA-1 assay (13, 15) . Coating of Petri dishes with individual components of ECMwith or without growth factors. EHS-CEXwas dissolved in the protein-free alpha-MEM at a concentration of 4.3 mg/ml, equivalent volumes of neutralized collagen type I and IV were dissolved in the protein-free alpha-MEMat a concentration of 2.4 mg/ml, and 3 ml of each was spread on the bottom of Petri dishes (diameter: 60 mm) to form a thin layer. SCF, IL-3, and GM-CSFwere dissolved at a final concentration of 20 ng/ml, 20 and 100 units/ml, respectively, in each of ECMcomponents immediately before coating the dishes.
EHS-CEXand collagen were used as a model of cellular ECM.
Enrichment of stem cells from bone marrowcells. Percoll (Pharmacia, U.S.A.) solution was used to fractionate the bone marrow cells, as described previously (24, 43). The pH and osmolarity of the gradient was 7.0 and 300 mosM/Kg, respectively. After centrifugation at 1,500xg for 30min at 20°C, a cell fraction of 1.060<p< 1.074 was passed through a G10 column to remove adherent cells, and elutant containing non-adherent cells was collected as the stem cell-enriched population. The fraction contained more than 20 fold-concentrated CFU-S. Incubation. The cell adhesion assay (40) was performed as follows unless otherwise described. Petri dishes (diameter: 60 mm)were coated with ECMproteins (concentration: EHS-CEX, 0.43 mg/ml; collagen I+IV, 0.3 mg/ml) in 3 ml phosphate buffered saline (145 mM NaCl, 10mM phosphate buffer, pH 7.2; PBS) overnight at 4°C. The remaining protein absorption sites in each dish were then saturated with 10 mg /ml heat-denatured BSA (80°C for 3 min) in PBS for 30 min at 25°C. After washing with PBS 3 times, dishes were used for cell adhesion. The stem cell-enriched populations of mouse bone marrow cells were overlaid on top of a layer of each component of ECM(1 x 106 cells/6 ml/dish). After 2 hr, cells in the suspension were decanted and removed by gently shaking the dishes and washing them with alpha-MEM3 times. Adherent cells were collected by scraping the layer with a rubber policeman, and a single cell suspension was obtained by pipetting.
For assaying the supportive activity of the ECMand growth factors, the stem cell-enriched population (1 x 106 cells/3 ml /dish) was overlaid on the layer of ECMwith or without growth factor(s), and incubated for 8 days. Incubation was not prolonged further to avoid any undesirable effects of the metabolites of the cells that mayact in a similar wayas serum. Assay of CFU-S and CFU-GM. Cells in the Petri dishes were collected at 2, 4, 5 and 8 days after the start of the incuba-tion by washing the dishes with growth medium. The number of CFU-S in each dish was determined according to the technique of Till and McCulloch (46) . The appropriate number of test cells were injected i.v. into lethally irradiated mice, and spleen colonies were counted on day 8 and day 12.
The number of CFU-GM was determined by a modified technique of Bradley and Metcalf (4) . The cells for assay were cultured in 35-mm plastic Petri dishes (5 x 104 cells/2 ml) in alpha-MEM containing 20% horse serum, 5% mouse abdominal wall-conditioned medium as CSF, and 0.3% (w/v) bacto agar (Difco, U.S.A.). The culture was maintained at 37°C, 5% CO2 in humidified air for 7 days, and clusters consisting of 50 or more cells were counted as colonies.
RESULTS
Release offactors into supernatant from ECMlayer. To determine the specific binding of the factors to the ECM, the factors that were mixed with the ECM layer consisted of collagen I+IV or EHS-CEX,and the release into the supernatant of the factors that were bound to the ECMlayer was examined. The majority of IL-3 and GM-CSFwas released into the supernatant from the ECMlayer (Fig. 1 ) when IL-3 and GM-CSF were mixed in the ECMlayer. But there still remained concentrated amounts of IL-3 and GM-CSFwithin the ECMas reported by Gordon et al. (ll) . In contrast, SCF was not released from ECMlayer (Fig. 1) . Adhesion ofCFU-S to ECMlayer. Adhesion of the stem cell-enriched fraction to dishes coated with ECM layer was studied. Cells attached to each of the ECM layers were used for the assay of CFU-S (Fig. 2) and CFU-GM(data not shown). A several-fold increase in Kinetics of CFU-S seeded onto SCF-containing ECM layer. Kinetics of the cells in the stem cell-enriched fraction seeded onto SCF-containing ECMwas studied.
The effect of SCF on viable cell numbers of CFU-GM and CFU-S, in the protein-free liquid culture of the stem cell-enriched fraction was also examined. In the absence of SCF, no viable cells were recovered after 2 days of incubation (Fig. 3) . In contrast, a significant number of day-12 (Fig. 4 ) and day-8 (Fig. 5 ) CFU-S were recovered in the culture with SCF. SCF also supported the survival of CFU-GM (Fig. 6 ). Cytokine activity of supernatant (%) Fig. 1 . Release of SCF, GM-CSF and IL-3 activity from ECMto culture medium. SCF (100 ng/ml), GM-CSF (100 U/ml) or IL-3 (500 U/ml) were mixed in ECM layers (2 ml per dish), and 3 ml each protein-free alpha-MEM were added, and incubated for 24 hr at 4°C. After the incubation, the medium was collected and SCF, GM-CSF and IL-3 activity were assayed. ECMcontaining SCF and IL-3, resulted in a significantly greater number of CFU-GM and day-8 CFU-Sthan on ECMcontaining SCF alone after 4 days in culture (Figs. 4-6 ). Moreover, CFU-GMincreased from 2 days to 4 days (Fig. 6 ). Viable cells were scarcely detectable at 8 days in culture, which may be due to the poor culture conditions (Fig. 3) .
Effects of GM-CSF-containing ECMon stem cell kinetics. The combination of SCF, IL-3 and GM-CSF not only maintained viable cell numbers but also induced an increase in the number of CFU-GMand day-8 CFU-S. In fact, they increased in number from at 2 days to 4 days (Figs. 3-6 ). There was no increase in the number of CFU-S in the culture containing GM-CSF alone. At day 4, the numbers of viable cells, CFU-GM and day-8 CFU-S supported by SCF+IL-3 +GM-CSF, were approximately twice as manyas those supported by SCF+IL-3. On the other hand, the number of day-12 CFU-S decreased significantly. Viable cells, CFUGMand CFU-S, were undetectable after 8 days of culture.
Modification of stem cell kinetics by horse serum. Effects of the presence of horse serum on the kinetics of the stem cells were studied in the present culture system. Horse serum was chosen because it supports the in vitro maintenance of murine bone marrow culture (7, 28). Horse serum alone did not support the survival of the stem cells in the suspension culture, as previously reported (6). Addition of horse serum to the culture of bone marrowcells on collagen, modulatedthe kinetics of the stem cells. Addition of horse serum resulted in the deterioration of the culture rather than further enhancement of the survival of the stem cells. The effects of SCF and IL-3 were also modified by the serum. The self-renewal of the stem cells induced by SCF was abrogated, and the induction by IL-3 of differentiation of the stem cells into CFU-GM also was cancelled by the serum (data not shown).
DISCUSSION
Attachment of stem cells to hemopoietic supportive stromal cells appears to be an essential first step in the survival of the stem cells (2, 7, 29, 44) . SCF seems to be transferred directly from the stromal cells to the stem cells through the ECM (44) Although both MS-5 and MS-K produce SCF, the level of SCFactivity in the culture supernatant was significantly low compared to the level of expression of mRNA for SCF. Furthermore, the supernatant of these cell cultures did not support the survival of the stem cells. The MS-Kcells, to which stem cells do not adhere, did not support the survival, proliferation, or differentiation of the stem cells (41), although MS-Kcells produce SCF (44) . Roberts et al. have reported that growth-factor-dependent multipotent cells survive and proliferate, when these cells are overlaid on ECMwhich had been pre-incubated with IL-3 or GM-CSF (37). Accordingly, we postulated that SCF produced by MS-5 and MS-Kcells was compartmentalized within ECM, and transferred directly to hemopoietic stem cells via cell adhesion (44) . The hemopoietic supportive mechanism of MS-5 can be summarized as follows: Firstly, MS-5adheres stem cells by specific adhesion molecules as well as by ECM,and secondly, SCF, which is transferred directly to stem cells via cell adhesion, supports the survival and proliferation of the stem cells.
Regulation of hemopoiesis appears to be locally controlled. Recovery of hemopoietic stem cells after irradiation or drug-treatment is significantly faster in the spleen than in the bone marrow (10, 31, 39) . When stem cells are already in the resting state in the spleen of phenylhydrazine-treated mouse, they are still in full cycle in the bone marrow (35). Miyanomae et al. showed that stem cells 'trapped' underneath the stromal cell layer were protected from the effect of added GM-CSF(23), explaining one of the local control mechanisms of hemopoiesis.
Another possibility is that growth factors produced by the stromal cells act only at a short distance. Suzuki et al. found that SCF produced by bone marrow stromal cells is not released into the culture mediumbut compartmentalized within the ECM (44) and transferred directly to stem cells via cell adherence. This would support in part this second possibility. Whether the proliferation and differentiation of hemopoietic stem cells is stochastic or inductive has been a matter of debate. In normal mice, only 40% of the stem cells that proliferate take the pathway of differentiation, but when the stem cell compartment decreases to less than 10%of its normal level, only self-renewal of the stem cells occurs (5), indicating that self-renewal and commitment to the differentiation pathway are controllable. Wehave also shown that irradiated hemopoietic supportive stromal cells in vitro induce an increased in self-renewal rather than stochastic proliferation and differentiation (25, 30) .
All the studies on hemopoietic regulatory mechanisms so far have been carried out either in vivo or in vitro in the presence of serum or bio-extracts such as bovine serum albumin (BSA), transferrin and pituitary extract even when so-called serum-free mediumwas used.
Wehave previously reported that the addition of horse serum or BSAmodulates the activity of IL-3 in terms of its GM-CSFactivity (42). By using a particular batch of fetal calf serum (FCS), we showed that IL-3 had no GM-CSFactivity, but such activity could be induced by a co-factor that exists in BSA, horse serum and calf serum. Thus, even the use of serum-free culture medium could affect the actual mechanism(s) underlying the control of stem cell kinetics. Accordingly, we have used a protein-free culture system in the present experiments to avoid the undesirable effects of serum or bio-extracts such as BSA.
The present study has revealed that the stem cell-enriched population of bone marrowcells adhered to collagen and EHS-CEX, indicating that these ECMparticipate in the stem cell adherence to stromal cells. In the second set of experiments, the effects of ECM and growth factors on the kinetics of hemopoietic stem cells were studied. Protein-free culture, as well as cultures containing horse serum, did not support the survival of the stem cells in the suspension culture for more than four days. Thus, the necessity of the hemopoietic supportive stromal cells, as previously reported (2, 7, 29, 44) , was confirmed. However, the addition of collagen type I, IV, laminin or heparansulfate to the suspension cultures allowed the stem cells to survive, but there was no changes in their number from day 4 to day 8 of culture (Sugimoto et al. 9 to be published). The finding clearly indicates that the survival of the stem cells is supported by certain components of ECMof the stromal cells to which the hemopoietic stem cells adhere.
Since the hemopoietic stem cells (2, 44) adhere to MS-5 cells (17), and induce MS-5 to produce GM-CSF (45), the effect of SCF concentrated within EHScell-derived ECMwas investigated. The stem cells proliferated on the SCF-containing ECMand their numbers increased without accompanying increase in the number of CFU-GM.Addition of IL-3 enhanced the proliferation and also induced the differentiation of the stem cells. Subsequent addition of GM-CSFto this culture further induced the differentiation of the stem cells to CFU-GM. In this case, the number of the stem cells decreased in parallel with the increase in the number of their pro-
geny.
These observations demonstrate convincingly that the survival, the self-renewal, and the differentiation of hemopoietic stem cells are separately controllable in culture. The present study confirms the inductive theory of the stem-cell differentiation of Trentin (47) at least in vitro. The commitmentof the stem cells to differentiation was also shownto be controlled separately from proliferation.
CoulombePsgroup reported recently that the proliferation of primitive human CD34#/CD38~progenitor cells is supported by direct contact with hemopoietic supportive stromal cells (MS-5) of murine origin (16). Moreover, the proliferation of the hemopoietic progenitor cells was not accompanied by an increase in the differentiated cells. We have also found that proliferating CD34+/CD38-/DRhuman hemopoietic cells could be maintained without differentiation for more than 12 weeks (to be published). These observations support the above concept, that the survival and proliferation of the stem cells is separately controlled from commitment to differentiation, although the unusual combination of murine stromal cells and human hemopoietic cells should be taken into account.
Taking these observations together with the present findings, we propose the following control mechanism of the stem cell kinetics. 1) The survival of the stem cells is supported by the ECMof and yet unknownfactors produced by stromal cells; 2) the self-renewal of the stem cells is stimulated by SCF via a direct transfer of the factor from the hemopoietic supportive stromal cells to the stem cells, and 3) the differentiation of the stem cells is induced by IL-3 and GM-CSF.
The limitations of in vitro observations have to be considered before we are able to claim that these observations represent the in vivo phenomenon (27), since the separate control of the survival, the self-renewal, and the differentiation of the stem cells in the proteinfree culture system may not be applicable directly to the in vivo situation. In fact, some ECMcomponents such as collagen affected the behavior of the hemopoietic cells induced by SCF. Serum is required for CSF-induced proliferation of the factor-dependent macrophage cell lines (33). The requirements of serum factors present in FCShave been reported for the proliferation of macrophages (8, 49) and a factor-dependent hemopoietic cell line (3). We have previously shown that even the use of BSAmodifies the activity of IL-3 qualitatively (42). Moreover, the long-term culture of murine bone marrow cells requires horse serum (7, 29) ; the addition ofFCS (12), and the use of mouse serum (Mori K.J., unpublished observation) deteriorate the culture system. A variety of growth factors, stromal cells, and other accessory cells maymodify the kinetics of the stem cells in conventional cultures and in vivo. In fact, the activity of IL-3 is modified by a co-factor, which exists in BSA (42), calf serum and horse serum (22, 42) . Thus, conventional culture with serum, or serum-free culture using a mediumthat contains bio-extracts, may not reveal the inherent response of the stem cells to growth factors or to ECM,due to the effects of other growth factors and unidentified activities that exist in these bio-extracts.
Wefound again in the present study that addition of horse serum to the protein-free culture system markedly modified the response of the stem cells to ECM,SCF, IL-3 and GM-CSF. Thus, the scheme we propose herein does not necessarily exclude the concept that the proliferation and differentiation of hemopoietic stem cells is stochastic in certain situations. Expression of the receptors for SCFand lineage specific differentiation-inducing growth factors on the stem cells and progenitors is supposedly stochastic. However, the growth factors necessary for the survival and differentiation of the stem cells may be restricted quantitatively. The survival and proliferation of the stem cells is then permitted only in the presence of ECMand/or SCF, and the differentiation of the cells to certain cell lineages is supported selectively by the differentiation-inducing growth factors, such as G-CSF produced by the stromal cells and other accessory cells in the hemopoietic tissues. The results would than appear to be 'inductive' as Trentin has reported (47) . The present observations support the concept of he-mopoietic 'permissive' microenvironment (HPM)or hemopoietic 'supportive' and 'selective' micro-environment (HSM) proposed by Mori (26) .
